The demand for lithium is expected to increase drastically in the near future due to the increased usage of rechargeable lithium-ion batteries (LIB) in electric vehicles, smartphones and other portable electronics. To alleviate the potential risk of undersupply, lithium can be extracted from raw sources consisting of minerals and brines or from recycled batteries and glasses. Aqueous lithium mining from naturally occurring brines and salt deposits is advantageous compared to extraction from minerals, since it may be more environmentally friendly and cost-effective. In this article, we briefly discuss the adsorptive behaviour, synthetic methodology and prospects or challenges of major sorbents including spinel lithium manganese oxide (Li-Mn-O or LMO), spinel lithium titanium oxide (Li-Ti-O or LTO) and lithium aluminium layered double hydroxide chloride (LiCl·2Al(OH) 3 ). Membrane approaches and lithium recovery from end-of-life LIB will also be briefly discussed.
Introduction
Due to the accelerated expansion of the LIB industry, the global demand for lithium is expected to increase significantly with an annual growth rate of 8.9% through 2019 to 49,350 metric tonnes (1) (2) (3) . The estimated global lithium end-use applications are summarised in Table I . Batteries used in portable electronics, hybrid cars and electric vehicles consume ~35% of the total lithium market share. The ceramics and glass sector with a ~32% market share is the second highest consumer of lithium. Primary lithium resources are from pegmatites, continental brines and geothermal brines, and the secondary resources are from clays and seawater (4) . Lithium carbonate (Li 2 CO 3 ), which is the major commercial lithium product, is mostly prepared through mining, extracting and treating spodumene ores and salt lake brines (4) . Lithium carbonate is losing market share to lithium hydroxide (LiOH), which is increasingly favoured for LIB cathode applications (2) . Currently, two brine operations in Chile and a spodumene operation in Australia account for the majority of global lithium production (5) .
Extraction from brines would be advantageous relative to extraction from ores, since it is more environmentally friendly and cost-effective (6) . It is estimated that the lithium production cost from salt lake brines is US$2-3 kg -1 , whereas that from the ores or spodumene is US$6-8 kg -1 (4) . The major lithium-containing brine resources around the world are listed in Table II . The lithium concentration of brines ranges from 100-1000 mg l -1 , whereas average lithium concentration present in seawater is merely 0.17 mg l -1 (4) . Therefore, salt lake and geothermal brines are the most promising aqueous resources for industrial scale lithium extraction (7) . In fact, a majority of lithium is currently produced through solar evaporation, followed by the removal of impurities through precipitation. However, this method is time consuming (usually 18-24 months) and requires large land areas. Besides, the presence of excessive cations such as sodium, potassium, calcium and magnesium plus chloride ions in the brines makes it challenging to obtain a high purity product. Finally, the rechargeable LIB industry has expanded significantly with the maturation of clean and sustainable energy technologies. A short review on the recovery of lithium and other valuable metals from end-of-life LIBs are discussed in Section 5.
Recovery of Lithium from Brines by Adsorption and Ion Exchange
Spinel Li-Mn-O, spinel Li-Ti-O and LiCl·2Al(OH) 3 have been identified as potential sorbents for lithium extraction from aqueous resources. In the section below, we discuss these sorbents including their synthetic methods, structures, adsorption mechanisms, morphologies and adsorption or ion exchange capacities from different aqueous resources.
Lithium Manganese Oxides (Li-Mn-O)
Spinel-type Li-Mn-O are attractive candidates for commercial lithium extraction owing to their high capacity and superior selectivity towards lithium. Li Mn-O are synthesised as precursor materials, from which the ion sieves are obtained by replacing the (19, (27) (28) (29) (30) (31) (32) . Desorption/ regeneration of the spinel-type sorbents requires contacting the sorbents with acid. ) from LiCl solution at a pH of 10.1 (24) . However, the lithium uptake of the same sorbent from salt lake brine dropped to 28.3 mg g -1 (4.08 mmol g -1
) and was further reduced to 25.1 mg g -1 after six cycles (24) . In addition, the ion exchange capacity increases with increasing stacking fault concentrations in the precursor LiMnO 2 (24, 38 and the equilibrium time is 96 hours, indicating a slow ion exchange (42) .
In summary, Li-Mn-O ion sieves exhibited a high ion exchange capacity and high selectivity for lithium ions from various aqueous resources. The acid generated during lithium uptake can be recycled for regenerating the sorbents. This could potentially reduce the cost of the acid consumption itself. However, the dissolution of Mn 2+ during the regeneration process with acid degrades the ion exchange capacity and results in a poor cycling stability. This key issue seriously limits Li-Mn-O's potential for upscaling. Further studies are needed to improve the stability during cycling to realise a stable ion exchange capacity. Simplicity of the regeneration process is also desirable.
Lithium Titanium Oxides (Li-Ti-O)
Titanium-based spinel oxides share most of the advantages with the manganese-based spinel oxides, with an addition of being more environmentally friendly, as the titanium is an earth abundant element, is stable and does not dissolve in acid. , pH = 9.17). In summary, H 2 TiO 3 is an attractive sorbent for selective lithium extraction with superior advantages including high ion exchange capacity, high selectivity, high stability, environmental friendliness and economic efficiency. However, it is still at the laboratory scale, partly due to the acid requirement during the regeneration process, which produces secondary wastes.
Lithium Aluminium Layered Double Hydroxide Chloride
While the Li-Mn-O and Li-Ti-O sorbents have attracted significant attention from academia, LiCl·2Al(OH) 3 .xH 2 O (referred to as Li/Al LDH) is an attractive candidate for application in large scale (60, 61) .
To the best of our knowledge, there exist limited articles in the literature discussing the adsorptive properties of Li/Al LDH. It was first discovered to be a selective sorbent for lithium extraction by Dow Chemical Inc in 1980 (62) . The synthesis method was later modified, leading to an increase in the molar fraction of LiX in LiX/Al(OH) 3 from 0.2 to 0.33 (63) . Commercial granular Li/Al LDH (atomic ratio Li:Al ~0.38) was used in a large scale column system packed with 25 tonnes of sorbent for selective lithium extraction from magnesiumcontaining brines for more than 200 cycles, demonstrating the good stability of this sorbent (64) . Li/Al LDH has a good selectivity for LiCl (the form of Li salts in brine and seawater) compared to other cations, because the distance between Al(OH) 3 layers is at the nanoscale such that only ions with small radii can be intercalated (64 , which was attributed to its higher hydraulic permeability to pure water and 0.1 M sodium chloride (NaCl) solution, and its lower critical pressure. Recently, novel positively charged polyamide composite nanofiltration membranes were fabricated by the interfacial polymerisation of DAPP and TMC and supported on PAN ultrafiltration hollow fibre membrane (21) . The advantage of using hollow fibre compared to the mostly reported flat-sheet configuration is that the hollow fibres have high packing density, lower energy and maintenance cost and easy fabrication of the modules. The rejection order of this composite hollow fibre membrane was magnesium chloride (MgCl 2 ) > magnesium sulfate (MgSO 4 ) > NaCl ≥ LiCl (21) .
Recovery of Lithium from Brines by Membranes
Functionalisation of the positively charged membrane (fabricated by interfacial polymerisation of TMC and BPEI supported on polyetherimide sheets) with EDTA showed good separation performance with a Li + /Mg 2+ separation factor of ~9.2. This was attributed to the tendency of EDTA to form complexes with the divalent cations. It was suggested that the combination of Donnan exclusion, dielectric exclusion and steric hindrance governed the mass transport inside the nanofiltration membranes. Furthermore, it was also indicated that when membrane pore size is close to the ionic radius, steric hindrance plays a significant role in the separation (21, 66, 67 (72) .
Recovery of lithium from seawater was also demonstrated by an electrodialysis based technique, which uses organic membranes impregnated with an ionic liquid (73, 75) . The separation of lithium was mainly achieved based on its relatively lower or higher permeation rates compared to other cations. However, it was suggested that the poor durability of the ionic membrane is a major issue preventing long-term lithium recovery (74 (77) reported the first study on the extraction of lithium from geothermal water with the SLM technique. A mixture of extractants consisting of LIX54 (the main component is α-acetyl-m-dodecylacetophenone) and TOPO were immobilised in the Celgard ® 2500 membrane having 37-48% porosity. The SLM showed 95% extraction of Li + in just 2 hours; however, it exhibited stable performance for only up to 72 hours before the flux dropped drastically. The decreased stability was attributed to the pressure difference over the membrane sheet, the solubility of the liquid membrane in the adjacent solutions and emulsion formation of the liquid membrane in aqueous solutions (77) .
To improve the stability of the SLM for Li + extraction, a nanoporous ion exchange membrane was fabricated by blending PES with sulfonated poly(phthalazinone ether sulfone ketone) (SPPESK) as a extractant stabiliser (79) . With PES/SPPESK blend membrane and TBP and FeCl 3 mixed in kerosene as an extractant, Li + extraction was performed both in a single-stage extraction and a sandwiched membrane extraction contactor system. The best Li + extraction performance was obtained at a PES:SPPESK ratio of 6:4 and a polymer concentration of 30 wt%. However, these membranes had limited stability in benzene and toluene despite being stable in kerosene (78, 79) . To further improve the stability of the membrane with different solvents, EVAL membranes were fabricated. These membranes showed exceptional stability in Li + extraction with TBP/FeCl 3 /kerosene for about 1037 hours. This higher stability was attributed to the unique structure of EVAL, consisting of both hydrophobic ethylene and hydrophilic vinyl alcohol units (78) . In a recent study, novel polystyrene sulfonate (PSS) incorporated HKUST-1 MOF membranes were fabricated for Li + recovery from brines through an in situ lithium confinement process (80 Due to the high temperature of the geothermal brines, robust membranes are required to operate at temperatures up to 95°C. Preliminary results showed the potential of these membranes to obtain a high lithium separation factor with nearly complete rejection of other monovalent and divalent cations in the brine solution. The selective sorption/diffusion of Li + and back-extraction into the strip is carried out simultaneously, eliminating the need to employ a separate step for Li + recovery.
In summary, although there are many published reports on membrane-based separation processes for lithium extraction, the technology is currently at the laboratory scale with significant potential for further development and process scale-up in the future.
Recovery of Lithium from Brines by Other Methods
There have been reports of lithium extraction using other methods such as precipitation and solvent extraction. The precipitation method was used to extract lithium from the Dead Sea in 1981 (86) . Later a two-stage precipitation process was developed to extract Li 2 CO 3 from brines collected from Salar de Uyuni, Bolivia (700-900 mg l -1 Li + ) (8) . Solvent extraction has been widely used to extract metals from the aqueous phase due to the simplicity of the equipment and operation. In fact, it was applied to extract lithium from aqueous solutions of alkali metal salts as early as 1968 (87) . 
Recovery of Lithium from Recycled Lithium-Ion Batteries
A rechargeable LIB mainly comprises a lithium-containing oxide cathode, an anode, an organic electrolyte and a separator. Processes to recycle LIBs were first developed for the sake of environmental considerations, since the waste is usually flammable and toxic. It can also achieve some economic benefits as driven by the prices of cobalt and possibly lithium, though they fluctuate drastically depending on their availability. For example, a three-step process (100) 
Summary and Outlook
Aqueous lithium mining of continental brines appears to be a promising approach to realise economically Fig. 1 . Flow sheet of a typical recycling process for spent LIBs and environmentally attractive lithium production. DOE Public Access Plan. All the authors have no Extraction from seawater would be relatively costly competing financial interests. due to the extremely low lithium concentration of 0.17 ppm, though it would be of interest in coastal countries that have neither mineral nor continental References brine resources. Alternatively, brines such as salt lake brines or geothermal brines serve as a rich resource. However, evaporation is a slow process that takes up to 24 months and the final products usually have low purity, whereby sorbents and membranes are effective alternatives. The spineltype sorbents exhibit excellent ion exchange capacity and high selectivity, although the regeneration process could be expensive. On the other hand, LiCl·2Al(OH) 3 offers moderate capacity, but this material has other advantages such as low cost and easy regeneration, which are essential for industrial applications. Further research needs to be carried out to better control the defects of the spinel precursor materials. Alternative methods such as solvent extraction could be used to extract lithium from salt lake brines or geothermal brines. The need for large quantities of lithium domestic supply in the USA remains a key priority, for example. Scale-up trials are essential to realise industrial operations to meet the US domestic demand. This requirement justifies continued investment in the extraction of critical lithium from salt lake and geothermal brines. In addition, recovery of lithium from recycled LIB needs a major investment in the near future. 
